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Identification of Members of the
Metabolically Active Microbial

Populations  Associated  with
Beggiatoa Species Mat
Communities from Gulf of

Mexico Cold-Seep Sediments

In this study, the composition of
the metabolically active fraction
of the microbial community
occurring in Gulf of Mexico
marine sediments (water depth,
550 to 575 m) with overlying
filamentous bacterial mats was

determined. The mats were
mainly composed of either
orange- or  white-pigmented

Beggiatoa spp. Complementary
16S ribosomal DNA (crDNA)
was obtained from rRNA
extracted from three different
sediment depths (0 to 2, 6 to 8,
and 10 to 12 cm) that had been

subjected to reverse
transcription-PCR amplification.
Domain- specific 16S PCR

primers were used to construct
12 different 16S crDNA libraries
containing 333 Archaea and 329
Bacteria clones. Analysis of the
Archaea clones indicated that all
sediment depths associated with
overlying orange- and white-
pigmented microbial mats were
almost exclusively dominated by
ANME-2 (95% of total Archaea
clones), a lineage related to the

methanogenic order
Methanosarcinales. In contrast,
bacterial diversity was

Xac dinh céac thanh vién cua
quan thé vi sinh vat c6 hoat tinh
trao d6i chat gan voi quan xa
tham cua cac loai Beggiatoa tir
tram tich phun lanh ¢ Vinh
Mexico checked 28/7

Trong nghién ctru nay, chang toi
nghién cau hoat dong trao doi
chat cta quan thé vi sinh vat xay
ra trong tram tich bién vinh
Mexico (d6 sau cua nudc, 550-
575 m) duoc bao phu béi cac
tham vi khuan dang sgi. Céc
tham ndy cha yéu bao gom
Beggiatoa spp. sic t6 cam va
trang.

DNA ribosome 16S bd sung
(crDNA) thu duoc tir rRNA chiét
dugc tr 3 d6 sau tram tich khac
nhau (0 dén 2, 6 dén 8, 10 dén 12
cm) trai qua qua trinh khuéch dai
PCR phién ma nguoc. Cac
Primer (mdi) PCR 16S mién
chuyén biét duoc s dung dé xay
dung 12 thu vién 16S crDNA
khac nhau chira 333 dong vo tinh
c6 khuan va 329 dong vé tinh vi
khuan. Phan tich cac dong vo
tinh ¢6 khuan cho thdy, ANME-
2 (95% trong tong s6 cac dong
vo tinh c6 khuan), mot dong lién
quan dén bo Methanosarcinales
sinh methan hau nhu chiém wu
thé & tat ca cac d6 sau tram tich
ing VGi cac tham sac té cam va
trang.

Nguoc lai, cac dong vo tinh gan
voi vi khuan lai c6 su da dang




considerably higher, with the
dominant phylotype varying by
sediment depth. An equivalent
number of clones detected at 0 to
2 cm, representing a total of
93%, were related to the y and 8
classes of Proteobacteria,
whereas clones related to 8-
Proteobacteria dominated the
metabolically active fraction of
the bacterial community
occurring at 6 to 8 cm (79%) and
10 to 12 cm (85%). This is the
first phylogenetics-based
evaluation of the presumptive
metabolically active fraction of
the Bacteria and Archaea
community structure
investigated along a sediment
depth profile in the northern Gulf
of Mexico, a hydrocarbon-rich
cold-seep region.

hon dang ké, thé hién & cho moi
do sau tram tich lai c6 mot vi
khuan chuyén biét chiém vu thé.
S6 dong twong dwong phat hién
duoc & do sau tir 0 dén 2 cm, dai
dién cho tong cong 93%, c6 ho
hang véi cac lop.... va .... cu
Proteobacteria, trong khi do, cac
dong vo6 tinh cé ho hang voi..-
Proteobacteria chiém uu thé
trong hoat dong trao doi chat cua
quan thé vi khuan xuat hién & do
sAu tir 6 dén 8 cm (79%) va tur 10
dén 12 cm (85%). Pay la danh
gia dya trén pha he dau tién veé
khia canh trao d6i chat cua cau
trdc quan thé co khuan va vi
khuan dugc nghién ctu theo bién
dang do sau tram tich ¢ phia bac
vinh Mexico, mot khu vuc phun
lanh giau hydrocarbon.
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In contrast, phylotypes gamma-2
and gamma-5 (Fig. 3) were more
frequently detected in sedi-ments
covered with white-pigmented
mats and were most similar to
clones previously characterized
as mussel endo-symbionts (Table
1). These were the only
metabolically active y-
Proteobacteria-related clones
detected at 10 to 12 cm (Fig. 4).




Phylotypes gamma-2 and
gamma-3 were most related
(98% similar) to each other (Fig.
2). However, BLAST results
indicated these phylotypes were
93% similar to two different
environmental clones (Table 1).

e-Proteobacteria. The remaining
Proteobacteria-related clones
were located on two different
clades within the class £-Proteo-
bacteria (Fig. 2). The epsilon-1
phylotype, highly similar (97%)
to a previously identified cold-
seep clone (Table 1), occurred in
sediments covered with orange-
and white-pigmented mats and
was not detected any more
frequently at any particular depth
(Fig. 3 and 4). In contrast, the
epsilon-2 phylotype, 98% similar
to an uncultured clone first
isolated from the Japan Trench
which had also been obtained by
reverse transcription-pCR (21)
(Table 1), was exclusively
obtained from sediments
associated with the overlying
orange-pigmented mat (Fig. 3)
and predominately from 0 to 2
cm (four of six clones; Fig. 4).

Nonproteobacterial lineages. In
contrast to numerous Pro-
teobacteria -related phylotypes,
clones exhibiting similarity to




the classes Planctomycetacia,
Verrucomicrobia, and
Chloroflexi appeared to exhibit
potential mat specificity. For
example, Planctomycetacia-
related clones, represented by
four distinct phylotypes (n = 9;
Table 1), were detected almost
exclusively at lower sediment
depths covered with white-
pigmented mats (Fig. 3 and 4).
The Verrucomicrobia- (n = 3)
and Chloroflexi- related (n = 5)
clones were detected at various
sediment depths and associated
exclusively with the overlying
orange- pigmented mat (Fig. 3
and 4). Clones from each of
these three classes were most
closely related to environmental
clones (Table 1) that have only
been previously obtained from
DNA-derived clone libraries.
The remaining non-
proteobacteria-related clones
were most similar to the class
Sphingobacteria  and  were
detected in sediments covered
with  orange- and  white-
pigmented mats at 0 to 2 and 6 to
8 cm, respectively (Fig. 3 and 4)

Phylogenetic diversity of
metabolically active Archaea. A
total of 333 rRNA-derived
Archaea clones, obtained from
sediments with overlying
orange- and white-pigmented
microbial mats, grouped into 21
distinct RFLp patterns (data not




shown), and representative
clones from all patterns were
sequenced (Table 2).
Interestingly, these 21 RFLp
groups represented only two
phylogenetic lineages,
Crenarcheota and the Eur-
yarchaeotal ANME-2 cluster of
the order Methanosarcinales.

ANME-2. The majority of
Archaea clones (95%; Table 2)
were related to a distinct clade of
Methanosarcinales known as
ANME-2 (35). Members of this
cluster have been detected
previously in methane seep
environments  with  sediment
profiles indicative of anaerobic
methane oxidation activity (19,
24, 35, 51). The ANME-2
cluster has been divided into four
distinct subgroups, designated A,
B, C, and D (Fig. 5) (31, 35).
Clones representing all four of
these subgroups were detected in
this study (Fig. 5). Subgroup A
was numerically dominant in the
clone library (n = 145), while
subgroup C exhibited the
greatest  intraclade  genetic
diversity (n = 7) relative to the
other ANME-2 subgroups (Table
2). The phylotype ANME- 2A-1
comprised 43% of the total
Archaea library (Table 2) and
was most frequently detected in
sediments covered with white-
pigmented mats. We also
observed a significantly greater
(P <0.05) number of ANME-2A-




1 clones at 0 to 2 cm (see Fig. 7).

In  contrast, a comparable
number of ANME-2B-1 clones,
related to ANME-2 subgroup B,
were detected in sediments

Fig. 4. Comparison between 16S
crDNA Bacteria clones obtained
from  specific  depths in
sediments  associated  with
orange- and white- pigmented
mats. Clones are
phylogenetically grouped
according to sequence analysis
data. Numbers along the abscissa
denote unique phylotypes as
determined by RFLP analysis
and are consistent with the
phylotype names in Table 1.
covered with both mat types
(Fig. 6). This phylotype was
recovered  from  sediments
associated with orange-
pigmented mats and only
detected at 0 to 2 cm, while
clones obtained from white-mat-
covered sediments predominated
at 10 to 12 cm (13 of 18 clones;
Fig. 7).

Therefore, this metabolically
active phylotype appeared to
exhibit depth specificity relative
to mat type. Clones related to the
subgroup  ANME-2C  were
dominated by two phylotypes,
ANME-2C-1 and ANME-2C-2
(Table 2), and were most related
to environmental clones
previously isolated from a cold




methane seep locale in the Eel
River Basin (35). Both of these
phylotypes were more fre-
quently detected in sediments
associated  with overlying
orange-pigmented mats (Fig. 6)
and were metabolically active at
all sampled sediment depths
(Fig. 7). However, ANME-2C-1
was significantly (P < 0.05)
more active at the lower depths
sampled (6 to 8 and 10 to 12 cm;
Fig. 7).

The remaining five ANME-2C-
related phylotypes were detected
at a low frequency (10 of 333)
and were predominately
metabolically active at 0 to 2 and
6 to 8 cm (Fig. 7). The fourth
ANME-2 subgroup, designated
ANME-2D, was first observed in
Archaea-specific 16S rRNA
gene libraries derived from total
DNA extracted from sediments
directly associated with surface-
breaching gas hydrate (31). In
the present study, two distinct
phylotypes from this subgroup
were identified (Fig. 5). The
phylotype denoted ANME-2d-1
was closely related (99.8%
similar) to the dominant ANME-
2D phylotype reported by Mills
et al. (31) and was most
frequently (fivefold) detected in
orange-mat-covered  sediments
(Fig. 6). However, the ANME-
2D-2 phylotype was genetically
divergent, having only 92%
sequence similarity to GoM




GC234 606R (31) (Fig. 5) and
was not specific to any particular
mat type.

Crenarchaeota. The remaining
5% of the archaeal clones (n =
15) were grouped into Six
distinct RFLP patterns (data not
shown) forming three clades
within the Crenarchaeota lineage
(Fig. 5). Clones representing
these six phylotypes were most
similar to sequences obtained
from noncultured
microorganisms (Table 2 and
Fig. 5). Phylotype Cren-1
represented a majority of the
Crenarchaeota-related clones (9
of 15) and was most related
(99% similar) to a 16S rRNA
gene sequence isolated from
surface sediments in the North
Sea (55) (Fig. 5). In addition,
phylotype Cren-1 was
predominately active only at 0

to 2 cm (eight of nine) and
exclusively associated with the
overlying orange-pigmented mat.
Interestingly, with the exception
of the single clone associated
with the Cren-2 phylotype, all
other Crenarchaeota-related
clones obtained in the present
study were isolated from orange-
mat-covered sediments (Fig. 6).

DISCUSSION

This study is the first to report
the composition of the met-
abolically active members of the
archaeal and bacterial com-




munities in  gas  hydrate
sedimentary systems in the Gulf
of

fig. 6. Comparison between 16S
crDNA Archaea clones obtained
from sediments associated with
overlying orange- and white-
pigmented mats. Clones are
phylogenetically grouped
according to sequence analysis
data. Numbers along the abscissa
denote unique phylotypes as
determined by RFLP analysis
and are consistent with the
phylotype names in Table 2.

Mexico. Moreover, to the best of
our knowledge, this is also one
of the first characterizations of
metabolically active Ar- chaea
from marine environments as
determined by rRNA analysis
and one of the first microbial
community depth profiles of
sediments  associated  with
overlying microbial mats in
cold-seep habitats. Inagaki et al.
(21) recently reported that e-

fig. 7. Comparison between 16S
crDNA Archaea clones obtained
from  specific  depths in
sediments  associated  with
overlying orange- and white-
pigmented mats. Clones are
phylogenetically grouped
according to sequence analysis
data. Numbers along the abscissa




denote unique phylotypes as
determined by RFLP analysis
and are consistent with the
phylotype names in Table 2.
lacking microbial mats, £-
Proteobacteria dominated the
bacterial clone libraries (31).
However, in the present study,
fewer than 4% of the
metabolically active phylotypes
detected at O to 2 cm belonged to
the £-Proteobacteria. Instead, the
clone library of Bacteria at 0 to 2
cm was dominated by y-
Proteobac- teria and  h-
Proteobacteria (45 and 48%,
respectively), while the libraries
of Bacteria at 6 to 8 cmand 10 to
12 cm were dominated by h-
Proteobacteria.

All y-proteobacteria-related
clones derived from sediments
covered with either orange- or
white-pigmented microbial mats
were most similar to either
Beggiatoa spp. or macrofaunal
endosymbionts (93 to 99%
similar). Surprisingly, all of the
Beggiatoa-related clones were
most similar to Beggiatoa sp.
‘Monterey Canyon’ (2),
providing a possible
biogeographical link between
these two distinct cold-seep
environments. As  geologic
evidence has shown that the
presence of a deep water current
flowing between the Gulf of
Mexico and the Eastern pacific




was disrupted 4.6 million years
ago as a result of the rise of the
Isthmus of Panama (17), it is
tempting to speculate that these
Beggiatoa populations originated
from a common ances- tor(s)
separated by this event. The
occurrence of other y-pro-
teobacterial phylotypes related to
previously identified endo-
symbiont clone sequences may
be explained by the presence of
numerous juvenile clams and
shrimp observed during
microscopic  examination  of
intact, unprocessed sediments (0
to 2 cm). Whether these
endosymbionts are free living in
the sediment or were detected as
a result of disruption or breakage
of the juvenile clams and shrimp
cannot be determined in this
study.

While the vast majority of the
metabolically  active  y-Pro-
teobacteria phylotypes detected
in this study appeared to be
constrained to 0 to 2 cm, four
distinct clades of active h-Pro-
teobacteria remained
numerically dominant at all three
depths. As many members of the
h-Proteobacteria are  known
sulfate- reducing bacteria, these
clades are likely to be important
players in sulfur cycling.
Although not determined in the
present study, previously
measured  porewater  sulfate
concentrations (>25 mM) from




Gulf of Mexico site GC234
sediments  associated  with
overlying microbial mats did not
exceed the sulfate concentrations
in sediments lacking mats (22).
The rates of sulfate reduction in
sediments covered with mats,
however, were several orders of
magnitude greater along a 0- to
12-cm depth profile relative to
comparable sediments lacking
microbial mats (22). A
corresponding increase in H2S
concentration was detected as
sulfate concentrations decreased
with increasing sediment depth
(22). Such concentrations and
rates are similar to previously
characterized Beggiatoa sp. mat-
associated sediment porewater
from other cold-seep
environments (3, 35) as well as a
Gulf of Mexico study conducted
at GC185 (1).

We  hypothesize  that the
predominance of active h-
Proteo- bacteria detected at the
lower depths may be explained
by two different mechanisms.
First, upward flow of subsurface
fluids channeled around
microbial mats may result in a
downward fluid flux through the
mat (57). Sulfate-rich seawater is
pumped deeper into the mat-
covered sediments than
surrounding sediments lacking
mats. Thus, the microbial mats
would provide a localized
increased  concentration  of




sulfate at lower depths,
facilitating overall higher rates
of sulfate reduction. Second,
anaerobic sulfur oxidation due to
Beggiatoa sp. activity would
replenish sulfate throughout the
sediment profile. Although there
was a sevenfold increase in the
total number of meta- bolically
active Beggiatoa sp. clones
detected at O to 2 cm, Beggiatoa-
related clones were also detected
at 6 to 8 cm and 10 to 12 cm.
Such results were perhaps not
surprising, as previous reports
have demonstrated the ability of
Beggiatoa spp. to migrate below
10 cm to reach elevated
concentrations of H2S (2, 33).

Planctomycetales-related clones
were more frequently detected at
the lower depths (6 to 8 cm and
10 to 12 cm) in sediments
covered with orange- and white-
pigmented microbial mat
communities. previous studies
have demonstrated the breadth of
physiological characteristics of
this phylum (14, 26, 44),
including a possible link
between some members of the
Planctomycetales to the
anaerobic oxidation of ammonia
(45, 46). This process, known as
ANAMOX and described by a
metabolic pathway first reported
by Van de Graaf et al. (54),
requires ammonia and nitrite in
an anaerobic environment to
produce dinitrogen gas (47, 48).




Ammonium concentrations in
previously characterized
porewater from one of our study
sites (GC234) were fourfold
higher in Beggiatoa sp. mat-
covered sediments at 10 to 12
cm  (>30 ~M) relative to
sediments lacking  microbial
mats (5 ~M) (22). Although
nitrite concentrations were not
determined, nitrate
concentrations in pore- water
from GC234 sediments with
microbial mats were highest at
the surface (>20 ~M) and
decreased to less than 2 below 2
cm (22).

The nitrite source required for
ANAMOX may be derived
either from the incomplete
reduction of nitrate or from the
advective flow of nitrite-bearing
seawater through the Beggia-
toa-covered sediment, as has
been reported by Weber and
Jorgensen (57). Therefore, an
increased concentration of nitrite
and ammonia may be attributed
to the presence of Beg- giatoa sp.
mats. Thus, we theorize that the
Planctomycetales- related clones
detected in this study are
dependant on the presence of the
Beggiatoa sp. mat community.
Methane concentrations and
anaerobic oxidation of methane
rates previously determined for
GC234 sediments covered with
Beggiatoa sp. mats have been
shown to be several orders of




magnitude higher than that of
control  sediments lacking
microbial mats (22). In the
present study, the vast majority
(95%) of Archaea clones
obtained from the three sediment
depths also sampled from Gulf
of Mexico sites GC234 and
GC185 were phylogenetically
related to the ANME-2 group of
the order Methanosarcinales,
proposed candidates for
anaerobic oxidation of methane.

ANME-2-related sequences have
been isolated from total DNA
extracted from other cold-seep
environments (19, 24, 31, 35)
but have never represented such
a majority of the sequences as
obtained in this study. This study
also represents the first archaeal
clone library containing
sequences related to all four
ANME-2 subdivisions (A, B, C,
and D) (31, 35). Interestingly,
the ANME-2C-related clones do
not form a Gulf of Mexico-
specific cluster, as was observed
in other phylogenetic analyses of
Gulf of Mexico hydrate-
associated sediments (24, 31).
However, one of the two
ANME-2D-related phylo- types
was only 92% similar to
previously identified ANME-2D
sequences from the Gulf of
Mexico (31) and thus may
represent a novel lineage within
the ANME-2D clade.




The uniqueness of the Archaea
clone libraries constructed in this
study may be a result of the
environmental conditions
associated with an overlying
microbial mat community or of
this study’s being the first to
characterize metabolically active
archaeal communities from a
cold-seep locale. PCR primer
bias seems less likely, as the
primers employed in this study
have been used in another Gulf
of Mexico study that resulted in
more diverse libraries that
included sequences related to
Methanomicrobiales,
Archaeoglobus, non-ANME-2
Meth- anosarcinales, and
Crenarchaeota (H. J. Mills, R.
M. Martinez, S. Story, and p.
Sobecky, unpublished data).

Based on our current findings
characterizing the  metaboli-
cally active fraction of the
bacterial and archaeal
communities in conjunction with
recent geochemical data and
microbial rate measurements
from Beggiatoa-covered
sediments (22), we propose the
following. Beggiatoa spp. serve
as keystone members of the seep
community owing to their ability
to (directly and indirectly)
influence the metabolic activity
of h-Proteobacteria,
Planctomycetales, and ANME
archaea. The end products of




Beggiatoa--mediated anaerobic
sulfur oxidation (sulfate and
ammonia) and an increase in
advective flow rate into the mat

(57) would result in higher
concentrations  of  reactants
available for h-Proteobacteria

and Planctomycetales. Recent
findings by Joye et al. (22) lend
support to this hypothesis, as
they detected an increase in
sulfate and ammonium
concentrations and microbial
sulfate reduction rates in Gulf of
Mexico GC234 sediments with
overlying microbial mats. In
addition, the increased rate of
sulfate reduction and advective
flow of organic material into the
sediment can promote a more
conducive  environment  for
anaerobic oxidation of methane
(reviewed in reference 53). The
predominance of ANME-related
clones (regardless of sediment
depth) and reported high rates of
anaerobic oxidation of methane
(22) support this  general
hypothesis.

In conclusion, this study presents
some of the first molecular
phylogenetic data describing the
fraction of the metabolically
active Bacteria and Archaea
communities in Gulf of Mexico

cold-seep habitats. Such
information provides insights
into the interconnection and

interdependency of the microbial
populations residing in

Tom lai, day la nghién ctu dau
tién trinh bay maot s6 dit liéu phat
sinh loai ¢ cap do phan tir mo ta
mot phan cong dong vi khuan va
cd khuan cé hoat dong trao doi
chat & Vinh Mexico trong moi
truong song phun lanh. Céc
nghién cuau nay gilp ching ta
hiéu sau hon vé méi lién h¢ va
sy phu thuoc I1an nhau cua céc




sediments  associated  with
overlying mat communities
dominated mainly by Beggiatoa
spp.






